Abstract: Tectonic coal is a kind of soft coal that is generated during tectonic movement. Gas outbursts usually occur in seams containing both virgin coal and tectonic coal. To reveal the adsorption characteristics of this type of coal seam (containing both virgin coal and tectonic coal), both tectonic coal and virgin coal were collected from the same longwall face and a series of laboratory tests were conducted, including coal sorption tests and pore specific surface measurements. Both the tectonic coal and virgin coal were crushed into coal powder (0.18-0.25 mm) for the coal sorption tests. In these laboratory tests, different mass ratios between tectonic coal and virgin coal were tested. We found that with the increase of the percentage of tectonic coal, the adsorption volume showed a rising trend, reached its maximum value, and then decreased. The specific surface areas of the mixed coal samples had the same evolution trends as those of the adsorption volume. From the laboratory tests, we found that when the mass ratio of virgin coal to tectonic coal was 1:1, both the adsorption volume and the specific surface areas reached their maximum values. Due to the percentage variation of the tectonic coal in the panel with the advancement of the longwall face, when the tectonic coal accounted for 50% of the total coal, the gas content would rise. Thus, proper measures should be adopted for outburst hazards control. The mathematical model between the change of specific surface area and the stress and strain of pore expansion before and after gas adsorption was established, and the relationship between the change of pore structure and gas emission before and after gas adsorption was obtained. It provides a theoretical basis for further research on coal and gas outburst mechanisms.
Introduction
As a country with large abundant coal resources, China is also a major country for coal production and consumption. In recent years, with the increase of mechanization in the coal mining industry, the mining depth has sharply increased. As a result, more and more mines are entering the stage of SEM, and SAXS can obtain information about pore structure, so the gas adsorption-desorption method was selected to measure the specific surface area of coal in this study.
The coal adsorption capacity is determined by its pore specific surface area, and it also affects the gas emission during mining. Dean [31] held that a coal reservoir is a double porosity structure composed of pore and fracture elements. Gamson [32] thought that there are transitional types of pore and fracture that occur between the regular pores and fractures. Pohl [33] developed a pore volume experiment for rich hydrocarbon coal and poor hydrocarbon coal by the mercury injection method. They found that seriously damaged coal has a large pore volume and that there are many pore types with diameters measuring over 100 nm. Li [34] used a micro pore analyzer to test the coal and record the pressure, pore diameter, average diameter, cumulative volume, volume increase, and differential volume. They found no trends concerning big pore and medium pore distribution when investigating the pore size distribution. However, almost all of the coal samples showed a sudden increase at the 0.3-µm peak, indicating an increase in pore diameter, according to the mercury curve. Fishman [35] studied the pore development in an uplifted Jurassic reservoir in the southeast part of the Songliao Basin using SEM. Vanherendael [36] analyzed and observed many specimens of coal using SEM. They found that micro pores can be categorized into three types, including plant cell residual porosity, matrix porosity, and secondary porosity. Ortiz [37] studied the effect of pressure on pore structure. Park [38] deduced the porosities for different gas-containing coal samples, but no measured data were reported. Clarkson and Bustin [39] studied the pore diameter distribution characteristics for bituminous coal in a sedimentary basin in western Canada via a CO 2 adsorption experiment. Lin [40] [41] [42] researched the mechanism of N 2 flushing for coal seam gas and developed a binary gas migration model to illustrate gas migration in a coal seam. At present, most research works focus on a single coal sample.
Through a review of the literature, it was found that almost all researchers focused on the adsorption characteristics of virgin coal or tectonic coal. The adsorption characteristics of stratified-mixed coal are less studied. Fieldwork has shown that it is useful to investigate mixed coal samples of virgin coal and tectonic coal because they are more common in actual coal seams. Therefore, in this study, the investigation focuses on the characteristics of a mixed coal sample, not a single coal sample. Firstly, both virgin coal and tectonic coal were collected from Shanxi Tianchi coal mine. From the isothermal adsorption tests of the samples, we know the isothermal adsorption quantity and the adsorption constant values of a and b. Then, the mathematical models based on the experimental results of the gas adsorption of mixed coal were set up. This study provides a theoretical basis for further research on coal seam gas emissions under mining conditions.
Materials and Methods

Materials Preparation
Virgin coal samples and tectonic coal samples were collected from the #401 longwall working face of the #15 coal seam, Tianchi coal mine, Shanxi province. This seam is an outburst-prone coal seam with an average thickness of 7 m. The tectonic coal layers can be easily observed and the average thickness of the tectonic coal is 0.8 m, as is shown in Figure 1 . During the mining process, outburst events have occurred several times and most of these events have happened in the area with a large tectonic coal seam thickness.
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The coal adsorption capacity is determined by its pore specific surface area, and it also affects the gas emission during mining. Dean [31] held that a coal reservoir is a double porosity structure composed of pore and fracture elements. Gamson [32] thought that there are transitional types of pore and fracture that occur between the regular pores and fractures. Pohl [33] developed a pore volume experiment for rich hydrocarbon coal and poor hydrocarbon coal by the mercury injection method. They found that seriously damaged coal has a large pore volume and that there are many pore types with diameters measuring over 100 nm. Li [34] used a micro pore analyzer to test the coal and record the pressure, pore diameter, average diameter, cumulative volume, volume increase, and differential volume. They found no trends concerning big pore and medium pore distribution when investigating the pore size distribution. However, almost all of the coal samples showed a sudden increase at the 0.3-μm peak, indicating an increase in pore diameter, according to the mercury curve. Fishman [35] studied the pore development in an uplifted Jurassic reservoir in the southeast part of the Songliao Basin using SEM. Vanherendael [36] analyzed and observed many specimens of coal using SEM. They found that micro pores can be categorized into three types, including plant cell residual porosity, matrix porosity, and secondary porosity. Ortiz [37] studied the effect of pressure on pore structure. Park [38] deduced the porosities for different gas-containing coal samples, but no measured data were reported. Clarkson and Bustin [39] studied the pore diameter distribution characteristics for bituminous coal in a sedimentary basin in western Canada via a CO2 adsorption experiment. Lin [40] [41] [42] researched the mechanism of N2 flushing for coal seam gas and developed a binary gas migration model to illustrate gas migration in a coal seam. At present, most research works focus on a single coal sample.
Materials and Methods
Materials Preparation
Virgin coal samples and tectonic coal samples were collected from the #401 longwall working face of the #15 coal seam, Tianchi coal mine, Shanxi province. This seam is an outburst-prone coal seam with an average thickness of 7 m. The tectonic coal layers can be easily observed and the average thickness of the tectonic coal is 0.8 m, as is shown in Figure 1 . During the mining process, outburst events have occurred several times and most of these events have happened in the area with a large tectonic coal seam thickness. Coal samples are processed by a grading vibration crusher, following which different particle sizes of coal samples are obtained. The coal samples with particle sizes of 20~30 mm were used to test the strength coefficient. The strength coefficients of virgin coal and tectonic coal were 0.565 and 0.266, respectively. Coal samples with the particle sizes of 0.180~0.250 mm (GB-T19560-2004) were selected for the adsorption tests. The selected virgin coal samples and tectonic coal samples were layered in coal sample tanks according to their different mass ratios. Coal samples with different mass ratios (virgin coal:tectonic coal in ratios of 5:1, 4:2, 3:3, 2:4, and 1:5) were prepared to study the adsorption characteristics and the pore specific surface area expansion effect. The mass of coal samples was set to 36 g and 3.5 g, respectively, according to the requirements of the experimental device and the experimental plan.
The Langmuir adsorption model is a monolayer adsorption model. Since the isotherms of coal-adsorbed methane conform to the first type of isotherms classified by IUPAC (the International Union of Pure and Applied Chemistry), Langmuir adsorption models were used to calculate the amount of gas adsorbed by coal:
where Q is the gas adsorption capacity, mL·g −1 ; p is the gas pressure, MPa; a is the adsorption constant, m 3 /t; and b is the adsorption constant, MPa −1 .
WY-98A Gas Adsorption Constant Analyzer
The WY-98A gas adsorption constant analyzer made by the China Coal Science and Industry Group of Shenyang Institute was used to perform the adsorption isotherm tests. The high-pressure isothermal adsorption capacity method was used in this experiment. Firstly, de-gas work was carried out by a vacuum pump after the coal sample was stored in the coal sample tank. To test different ratios, the tectonic coal was first loaded into the coal sample tank and then the virgin coal powders were loaded. A certain amount of methane gas was injected into the coal sample tank, and then the void volume of the coal sample tank was measured. The filling valve was closed after filling the tank when the gas pressure sensor detected that the coal sample tank had reached the indicated pressure. During this process, the gas pressure sensor and temperature sensor were used to monitor the gas pressure variation and the applied force in this experiment. The schematic diagram of the testing equipment is shown in Figure 2 .
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Coal samples are processed by a grading vibration crusher, following which different particle sizes of coal samples are obtained. The coal samples with particle sizes of 20~30 mm were used to test the strength coefficient. The strength coefficients of virgin coal and tectonic coal were 0.565 and 0.266, respectively. Coal samples with the particle sizes of 0.180~0.250 mm (GB-T19560-2004) were selected for the adsorption tests. The selected virgin coal samples and tectonic coal samples were layered in coal sample tanks according to their different mass ratios. Coal samples with different mass ratios (virgin coal:tectonic coal in ratios of 5:1, 4:2, 3:3, 2:4, and 1:5) were prepared to study the adsorption characteristics and the pore specific surface area expansion effect. The mass of coal samples was set to 36 g and 3.5 g, respectively, according to the requirements of the experimental device and the experimental plan.
The WY-98A gas adsorption constant analyzer made by the China Coal Science and Industry Group of Shenyang Institute was used to perform the adsorption isotherm tests. The high-pressure isothermal adsorption capacity method was used in this experiment. Firstly, de-gas work was carried out by a vacuum pump after the coal sample was stored in the coal sample tank. To test different ratios, the tectonic coal was first loaded into the coal sample tank and then the virgin coal powders were loaded. A certain amount of methane gas was injected into the coal sample tank, and then the void volume of the coal sample tank was measured. The filling valve was closed after filling the tank when the gas pressure sensor detected that the coal sample tank had reached the indicated pressure. During this process, the gas pressure sensor and temperature sensor were used to monitor the gas pressure variation and the applied force in this experiment. The schematic diagram of the testing equipment is shown in Figure 2 . Schematic diagram of the mixed coal sample isotherm test. 1-He pressure reducing valve; 2-He inlet valve; 3-exhaust valve; 4-vacuum pumping valve; 5-vacuum gauge; 6-dryer; 7-vacuum pump; 8-strain data acquisition instrument; 9-acquisition card; 10-low pressure sensor; 11-low pressure control valve; 12-high pressure sensor; 13-pressure control valve; 14-CH 4 inlet valve; 15-CH 4 pressure reducing valve; 16-constant temperature water bath heating tank (includes the temperature sensor); 17-coal sample tank; 18-pressure control valve of coal sample tank; 19-coal sample tank; 20-computer.
ASAP-2020 Specific Surface Area Analyzer
According to the requirement of GB/T57512009, liquid nitrogen was used for the adsorption and desorption test. By using the BET (Brunauer-Emmett-Teller) theory of multi-molecular layer adsorption and the BJH method (a commonly used computational model for aperture distribution described by Barrett, Joyner, and Halenda) [43] , the specific surface area and pore volume of mixed coal was determined. This technology is widely used to study the distribution of pore specific surface area [44] . In our study, the coal sample was prepared and tested before and after the adsorption isotherm test.
Experimental Results
Isothermal Adsorption Results of Mixed Coal
The coal sample tank was submerged into a water bath at 303 K to measure the coal adsorption isotherm. Different coal samples were tested, including the virgin coal and mixed coal. Methane was selected as the adsorption gas. The gas adsorption isotherms of mixed coal under different mass ratios were obtained by a large number of experiments, as shown in Figure 3 . The adsorption capacity was proportional to the pressure because this adsorption of coal sample is physical adsorption. It can be clearly seen from Figure 3 that the adsorption amount gradually increases with the rise in pressure. Limited by pore volume, the adsorption capacity tends to decrease after a certain period of time. This is adsorption equilibrium.
Meanwhile, some variations were observed for the isotherm as the ratio of virgin coal/tectonic coal changed. For example, coal sample reached the minimum adsorption volume at different mass ratios. When the ratio of virgin coal/tectonic coal was 1:1, the sample had the largest adsorption capacity.
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Experimental Results
Isothermal Adsorption Results of Mixed Coal
Meanwhile, some variations were observed for the isotherm as the ratio of virgin coal/tectonic coal changed. For example, coal sample reached the minimum adsorption volume at different mass ratios. When the ratio of virgin coal/tectonic coal was 1:1, the sample had the largest adsorption capacity. 
Adsorption Results of Coal Samples with Different Mass Ratios at Each Pressure Step
Most tectonic coals are dominated by vitrinite and vitrinite is characterized by the vitrinite matrix. Those samples contain more developed macroscopic pores, providing an excellent physical condition for gas adsorption. As seen in Figure 4 , similar volume trends were observed with different mass ratios. With the increase of the soft layer (tectonic coal), the gas adsorption volume exhibited a rising trend. After it reached its peak adsorption volume, the adsorption volume dropped. When the thicknesses of virgin coal and tectonic coal were approximately equal, the maximum adsorption volume was observed. As the thickness of tectonic coal gradually increased, the adsorption amount started to exhibit a gently decreasing trend.
The regression fitting of the test data is plotted in Figure 4 , and the relationship between the adsorption capacity and the mass ratio was obtained using the following equation: 
The regression fitting of the test data is plotted in Figure 4 , and the relationship between the adsorption capacity and the mass ratio was obtained using the following equation:
where Q is the adsorption amount, mL·g −1 ; x is the mass ratio of tectonic coal to the total coal sample; and A 0 , A 1 , A 2 are the fitting constants.
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where Q is the adsorption amount, mL·g −1 ; x is the mass ratio of tectonic coal to the total coal sample; and A0, A1, A2 are the fitting constants. 
Specific Surface Area Results of Mixed Coal before and after Adsorption
By testing the specific surface area of a mixed coal sample before and after adsorption, the proportion of micro and macro pores' surface area of the mixed coal sample before and after adsorption was obtained. Figure 5 shows the macro and micro pores' specific surface area variations before/after the adsorption test. From Figure 5 , it can be seen that the macro pores in both virgin coal and tectonic coal accounted for a small percentage of the total specific surface area. The micro pores accounted for a much higher percentage in these samples. In our study, different samples with different ratios of virgin coal/tectonic coal were used. The pores may have had differences among these samples. It is more helpful to study the specific surface area variation before and after adsorption for the same coal sample.
(a) 
By testing the specific surface area of a mixed coal sample before and after adsorption, the proportion of micro and macro pores' surface area of the mixed coal sample before and after adsorption was obtained. Figure 5 shows the macro and micro pores' specific surface area variations before/after the adsorption test. From Figure 5 , it can be seen that the macro pores in both virgin coal and tectonic coal accounted for a small percentage of the total specific surface area. The micro pores accounted for a much higher percentage in these samples. In our study, different samples with different ratios of virgin coal/tectonic coal were used. The pores may have had differences among these samples. It is more helpful to study the specific surface area variation before and after adsorption for the same coal sample. 
(a) Figure 6 shows the curves of nitrogen adsorption and desorption of different coal samples (tectonic coal, virgin coal, and mixed coal with the mass ratios of 2:4, 3:3) with respect to the relative pressure (p/p0). The nitrogen adsorption curve is not completely coincident with the desorption curve and forms a hysteresis loop of adsorption. The nitrogen adsorption curve was observed to rise steeply at the saturated vapor pressure, but the nitrogen desorption curve was observed to decline steeply at medium p/p0 pores with parallel siding slit-shaped openings, which are typical pore structures described by those curves. Pores with a large volume and small diameter also exhibited the same curves. It was shown that the studied coal samples had parallel plate slit-type pore structures. Figure 6 shows the curves of nitrogen adsorption and desorption of different coal samples (tectonic coal, virgin coal, and mixed coal with the mass ratios of 2:4, 3:3) with respect to the relative pressure (p/p 0 ). The nitrogen adsorption curve is not completely coincident with the desorption curve and forms a hysteresis loop of adsorption. The nitrogen adsorption curve was observed to rise steeply at the saturated vapor pressure, but the nitrogen desorption curve was observed to decline steeply at medium p/p 0 pores with parallel siding slit-shaped openings, which are typical pore structures described by those curves. Pores with a large volume and small diameter also exhibited the same curves. It was shown that the studied coal samples had parallel plate slit-type pore structures. Figure 6 shows the curves of nitrogen adsorption and desorption of different coal samples (tectonic coal, virgin coal, and mixed coal with the mass ratios of 2:4, 3:3) with respect to the relative pressure (p/p0). The nitrogen adsorption curve is not completely coincident with the desorption curve and forms a hysteresis loop of adsorption. The nitrogen adsorption curve was observed to rise steeply at the saturated vapor pressure, but the nitrogen desorption curve was observed to decline steeply at medium p/p0 pores with parallel siding slit-shaped openings, which are typical pore structures described by those curves. Pores with a large volume and small diameter also exhibited the same curves. It was shown that the studied coal samples had parallel plate slit-type pore structures. 
Nitrogen Adsorption Results of Mixed Coal
Discussion
Effect of Mixed Coal Mass Ratio on Gas Adsorption Constant
Effect of Mixed Coal Mass Ratio on Gas Adsorption Constant a Value
The Langmuir constants a and b were obtained from the adsorption test, and the Langmuir model was used to fit the test results. According to the experimental results, the relationship between the adsorption constant a and the mass ratio of tectonic coal to virgin coal was fitted and plotted, as shown in Figure 7 . The curve has a good fit (0.9805). For mixed samples of hard tectonic coal in this mine, the adsorption constant a meets the fitting formula [45, 46] 
where x is the mass ratio of tectonic coal to virgin coal. With the increase of the quality of tectonic coal, the Langmuir adsorption constant a increased gradually. When the qualities of tectonic coal and the quality of virgin coal were approximately equal, the adsorption constant a value reached its maximum; then, with the continued increase of the quality of tectonic coal, the value dropped. 
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Discussion
Effect of Mixed Coal Mass Ratio on Gas Adsorption Constant
Effect of Mixed Coal Mass Ratio on Gas Adsorption Constant a Value
where x is the mass ratio of tectonic coal to virgin coal. With the increase of the quality of tectonic coal, the Langmuir adsorption constant a increased gradually. When the qualities of tectonic coal and the quality of virgin coal were approximately equal, the adsorption constant a value reached its maximum; then, with the continued increase of the quality of tectonic coal, the value dropped. From the Langmuir model, we know that the Langmuir constant a represents the maximum adsorption volume. From our laboratory test, we found that in the mixed coal, when the quality of tectonic coal was equal to that of virgin coal, the maximum adsorption capacity was reached. From the adsorption isotherm, we found that tectonic coal has a higher adsorption capacity than virgin coal. As a result, as the percentage of tectonic coal in the mixed coal sample increased, the total adsorption volume exhibited an increasing trend. For the mixed coal adsorption, the applied force onto the mixed coal sample also had impact on the adsorption capacity. As a result, when the mixed coal sample was placed into the coal sample tank, the applied force would compact the mixed coal sample. If the sample was entirely tectonic coal, the coal sample would be easily compressed and the total pore volume would decrease. Therefore, when the tectonic coal exceeded a certain percentage, the total adsorption capacity would decrease. When the qualities of tectonic coal and the overlying virgin coal were approximately equal, the adsorption volume reached a maximum. Then the value of the adsorption constant a gradually decreased as the quality of the tectonic coal increased. It could be seen that the change tendency gradually declined after exceeding the maximum value. Moreover, by calculating the slope of the tangent line at a certain experimental point before and after the maximum value, it could be seen that the change trend slowly declined after passing the maximum value.
Effect of Mixed Coal Mass Ratio on Gas Adsorption Constant b Value
According to the experimental results, the data describing the relationship between the adsorption constant b and the mass ratio of tectonic coal to virgin coal were fitted and plotted on a graph, as shown in Figure 7 . The curve has a high fit degree (0.974). For mixed samples of hard tectonic coal in this mine, the adsorption constant a meets the fitting formula. For mixed samples of tectonic coal and virgin coal, adsorption constant b also meets the fitting formula.
where x is the mass ratio of tectonic coal to virgin coal. In the formula for Langmuir monomolecular layer adsorption, the adsorption constant b is a pressure coefficient, and it is inversely proportional to the gas pressure in the pores of the coal. The change tendency of the value of adsorption constant b with the change of the mass ratio of tectonic coal to virgin coal is shown in Figure 8 . The change trend of the Langmuir adsorption constant b is a parabola opening upward with the mass ratio change of tectonic coal to virgin coal. From the Langmuir model, we know that the Langmuir constant a represents the maximum adsorption volume. From our laboratory test, we found that in the mixed coal, when the quality of tectonic coal was equal to that of virgin coal, the maximum adsorption capacity was reached. From the adsorption isotherm, we found that tectonic coal has a higher adsorption capacity than virgin coal. As a result, as the percentage of tectonic coal in the mixed coal sample increased, the total adsorption volume exhibited an increasing trend. For the mixed coal adsorption, the applied force onto the mixed coal sample also had impact on the adsorption capacity. As a result, when the mixed coal sample was placed into the coal sample tank, the applied force would compact the mixed coal sample. If the sample was entirely tectonic coal, the coal sample would be easily compressed and the total pore volume would decrease. Therefore, when the tectonic coal exceeded a certain percentage, the total adsorption capacity would decrease. When the qualities of tectonic coal and the overlying virgin coal were approximately equal, the adsorption volume reached a maximum. Then the value of the adsorption constant a gradually decreased as the quality of the tectonic coal increased. It could be seen that the change tendency gradually declined after exceeding the maximum value. Moreover, by calculating the slope of the tangent line at a certain experimental point before and after the maximum value, it could be seen that the change trend slowly declined after passing the maximum value.
According to the experimental results, the data describing the relationship between the adsorption constant b and the mass ratio of tectonic coal to virgin coal were fitted and plotted on a graph, as shown in Figure 7 . The curve has a high fit degree (0.974). For mixed samples of hard tectonic coal in this mine, the adsorption constant a meets the fitting formula. For mixed samples of tectonic coal and virgin coal, adsorption constant b also meets the fitting formula. 
where x is the mass ratio of tectonic coal to virgin coal. In the formula for Langmuir monomolecular layer adsorption, the adsorption constant b is a pressure coefficient, and it is inversely proportional to the gas pressure in the pores of the coal. The change tendency of the value of adsorption constant b with the change of the mass ratio of tectonic coal to virgin coal is shown in Figure 8 . The change trend of the Langmuir adsorption constant b is a parabola opening upward with the mass ratio change of tectonic coal to virgin coal. The formation of tectonic coal in the early stage, the quality of virgin coal is relatively high, so it puts a lot of pressure on the tectonic coal. Although the adsorption capacity of mixed coal is not dominated by virgin coal, virgin coal has a large mass and more heat, which increases the dynamic viscosity coefficient of the pore gas in mixed coal. Furthermore, it greatly increases the amount of gas retention in the pores, resulting in increased pressure. Meanwhile, overlying virgin coal puts pressure on tectonic coal and increases its pore resistance, causing the adsorption constant b value to show a decreasing trend. When the qualities of tectonic coal and virgin coal were approximately equal, the adsorption constant b reached its minimum. After that, with the further increase in the quality of tectonic coal, the methane adsorption was dominated by tectonic coal. Due to the high adsorption capacity of tectonic coal, the heat generated by the adsorption process also increased. When the temperature reached the equilibrium point, the coal began to exchange heat with the outside world, which caused the temperature of the coal to be drastically reduce. The viscosity coefficient of the gas in the pores of the coal became smaller due to the temperature's influence, so that the gas pressure in the pores of the coal decreased and the adsorption constant b gradually increased. The change tendency of the adsorption constant b revealed that the rising rate after the maximum was reached was lower than the declining rate before the maximum was achieved. This was determined by finding the slope of the tangent of a certain experimental point before and after the maximum value.
From previous studies [47] [48] [49] [50] , we know that coal seam porosity is sensitive to the effects of stress, as well as to the strength coefficient. The results obtained in this study give new insight into the mechanisms of coal seams containing different layers. Figure 9 shows the percentage difference of macro and micro pores' specific surface area (after adsorption/before adsorption). From the test results, it was found that the macro pore specific surface area ratio showed a decreasing trend before reaching the mass ratio of 3:3. With the increase of the mass proportion of tectonic coal, the specific surface areas of medium and macro pores before and after adsorption showed a decreasing trend first, followed by an increasing trend. When the qualities of tectonic coal and virgin coal were approximately equal, the trend reached its minimum. Because the mixed coal was dominated by virgin coal, the adsorption capacity of the mixture was dominated by that of the virgin coal. The swelling induced by gas adsorption in the pores of coal was not obvious. When the gas could not be completely desorbed from the coal, the resistance of desorbed gas was measured using a physical adsorption instrument to test the pore specific surface area. The specific surface area of macro pores showed a declining trend. When the qualities of tectonic coal and virgin coal were approximately equal, the proportion of the specific surface area of macro pores reached its minimum. With the increase in quality of the tectonic coal, the pore structure became more developed. Micro pores connected to each other to form small holes by the adsorption of gas, which caused the specific surface area of macro pores in the mixed coal to continuously increase. With the increase in quality of the tectonic coal, the pore volume gradually reached equilibrium, which also caused the specific surface area to increase slowly.
Analysis of Specific Surface Area Changes of Mixed Coal before and after Adsorption
It can be seen from Figure 9 that the specific surface area changing trend is contrary to that of Figure 3 with the increase in quality of the tectonic coal. When the qualities of tectonic coal and virgin coal were approximately equal, the trend reached a minimum and then declined. By fitting the experimental data, the variation of the pore specific surface area and micro pore specific surface area in the total coal sample before and after adsorption was obtained according to the following relationship:
where θ is the difference between the proportions of specific surface area of coal before and after adsorption; θ i (i = 1, 2) is the difference between the proportions of specific surface area of micro pores or macro pores before and after adsorption; and x i (i = 1, 2) is the proportion of structural coal to total coal sample. B 0i , B 1i , B 2i are fitting constants.
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The Relationship between the Specific Surface Area before and after Adsorption and Swelling Deformation and Strain
The adsorption amount of mixed coal varied under different pressures and different contents of tectonic coal. The swelling also varied. Therefore, there must be some connection between the gas adsorption capacity and the coal swelling deformation. The strain of coal after adsorption can be expressed as follows according to the results of previous studies [51] . 
where εm is the volume strain after adsorption. Wm is the amount of gas adsorbed by a unit mass coal under a certain temperature, pressure, and mass ratio of tectonic coal to the mixed coal, mL·g −1 . Km is the expansion strain coefficient, g·mL −1 . m is the abbreviation of mixture, denoting the mixed coal sample.
The relationship between the gas adsorption and the amount of tectonic coal shown in Figure 9 is expressed by Equation (1) . The function for macro pore and micro pore surface areas are expressed by Equations (7) and (8): 
By substituting Equations (7) and (8) into Equation (2), we obtain: 
The adsorption amount of mixed coal varied under different pressures and different contents of tectonic coal. The swelling also varied. Therefore, there must be some connection between the gas adsorption capacity and the coal swelling deformation. The strain of coal after adsorption can be expressed as follows according to the results of previous studies [51] .
where ε m is the volume strain after adsorption. W m is the amount of gas adsorbed by a unit mass coal under a certain temperature, pressure, and mass ratio of tectonic coal to the mixed coal, mL·g −1 . K m is the expansion strain coefficient, g·mL −1 . m is the abbreviation of mixture, denoting the mixed coal sample. The relationship between the gas adsorption and the amount of tectonic coal shown in Figure 9 is expressed by Equation (1). The function for macro pore and micro pore surface areas are expressed by Equations (7) and (8):
By substituting Equations (7) and (8) into Equation (2), we obtain: (9) and (10), we obtain:
where W 1 , W 2 are the adsorption amount of macro pores and micro pores, mL·g −1 . B ij , D ij , F i+n (i = 1, 2; j = i − 1) are fitting constants, which are affected by the characteristics of the coal sample. The relationship between the strain after the adsorption of mixed coal and the change of specific surface area before and after adsorption can be obtained by substituting Equation (11) into Equation (6) .
Under a certain depth, the rock will put pressure on coal. Thus, the swelling strain of the coal after gas adsorption is limited. Therefore, additional stress will be generated, called adsorption swelling strain. Because of the increase of the swelling stress, the stress of coal will increase and the strength of coal will decrease, which will promote the occurrence of gas outbursts. Zhang [52] studied the adsorption swelling when adsorbing CO 2 using a rigid dynamometer. It was found that there is a good linear relationship between the adsorption deformation stress and the desorption deformation stress. Because the adsorption of CO 2 and CH 4 on coal are physical adsorption processes, the linear relationship between the adsorption deformation stress and the desorption deformation stress can be used to express the relationship between the swelling deformation and the expansion stress of coal following the adsorption of gas. Combining the experimental data, the relationship between swelling stress and the change of pore specific surface area before and after adsorption can be obtained using the following equation:
where σ m is the swelling stress of mixed coal after adsorption, MPa. E m is the proportionality coefficient corresponding to σ m , which is equivalent to the elastic modulus of coal, MPa.
Mechanism Analysis of the Effect of Swelling of Mixed Coal on the Amount of Gas Emissions
After a coal seam is disturbed by mining, the original pressure balance in the coal seam will be broken and a pressure gradient as well as content change will occur. This is the main factor concerning gas emissions and threatening the safety of coal mines. Particularly in coal seams containing tectonic coal, they are affected by the vitrinite content, which has a good adsorption performance causing the amount of gas in the coal to increase. Moreover, the strength of coal is low under the influence of geological tectonic force. When the gas content is large, the gas molecules in the adsorbed state enter into the coal, resulting in a large expansion deformation of the coal. This causes the amount of pores, the specific surface area, and the gas adsorption capacity to increase.
At the same time, gas adsorption changes the specific surface area of coal, and this change is manifested in the form of swelling energy. Meanwhile, the changes of gas adsorption will lead to the increase of gas adsorption and swelling stress, in addition to the decrease of the strength of the coal. When a coal seam is disturbed by mining, the adsorption energy between coal and gas is only 1.16 kJ/mol [53] , so it takes very little energy to go from the adsorption state to the free state. From our experiments, we found that when the qualities of tectonic coal and the overlying virgin coal are approximately equal, the content of micro pores reached its maximum, and the adsorption amount also reached its maximum. A pressure gradient will occur when the pressure balance is disrupted. This leads to a high amount of gas emissions, and may even cause coal and gas outburst disasters.
Conclusions
In this paper, the adsorption characteristics of mixed coal (virgin coal and tectonic coal) and variations of specific surface areas before and after CH 4 adsorption were researched. The effect of different mass ratios of coal samples on the adsorption constants a and b and the change of the specific surface area before and after adsorption were studied. A mathematical model of the relationship between the strain after gas adsorption and the specific surface area change before and after adsorption was created. In addition, a mathematical model of the relationship between swelling stress and the specific surface area change before and after adsorption was deduced. The main conclusions are summarized below.
(1) Through the analysis of the test results of the specific surface area of the mixed coal sample, it was concluded that with the increasing proportion of the mass of the tectonic coal in the mixed coal sample, the difference of the proportion of the pore specific surface area before and after the adsorption of the coal sample showed a decreasing trend first and then increased and reached the minimum when the masses of tectonic coal and virgin coal were approximately equal. The change trend of the specific surface area of macro pores was opposite that of the specific surface area of micro pores. (2) By analyzing the experimental results, it was concluded that with an increase in the quality of the tectonic coal, the adsorption capacity of the mixed coal gradually increased. Under constant pressure, the amount of adsorbed gas changed with the mass ratio of the mixed coal, showing a downward parabola change characteristic. When the qualities of tectonic coal and virgin coal were approximately equal, the amount of gas adsorption, adsorption constant a value, and gas initial velocity of diffusion reached their maximums, but the adsorption constant b value reached its minimum. (3) On the basis of the gas adsorption test results of the mixed coal sample, the mathematical model of gas adsorption strain and pore specific surface area changes before and after adsorption in the mixed coal sample and the mathematical model of swelling stress and the variation of pore specific surface area before and after adsorption in the mixed coal sample were created. These models reflect the variation of the expansion strain and stress of the mixed coal sample after gas adsorption, and describe that when the mass ratio of virgin coal to tectonic coal was approximately equal, a large amount of gas is likely to gush out after coal disturbance, providing a theoretical basis for the further study of coal and gas outburst mechanisms.
In conclusion, the experimental study of the adsorption process in mixed coal in this paper provides a certain experimental scientific theory and lays a technical foundation for the further study of the gas adsorption characteristics near coal seams of mine structures. This information can help in effectively controlling the difficulties of coal dynamic disasters and studying the corresponding disaster prevention and control technology.
